This article presents an experimental study to investigate the critical heat flux (CHF) enhancement mechanism using honeycomb porous plate (HPP). The CHF enhanced significantly with combination of the HPP and nanofluid, up to 3.2 MW/m 2 at maximum compared to a plain surface, 1.0 MW/m 2 . The mechanism by which the CHF is improved in this system was elucidated by measuring the temperature of the heated surface using an indium tin oxide (ITO) heater and a high-speed infrared camera. The pool boiling experiment of water and nanofluid is performed under saturated temperature and atmospheric pressure conditions. The CHF values obtained using ITO heater is in good agreement with a conventional CHF pool boiling experiment with HPP attachment. High-speed infrared camera is analyzed to understand the behavior of local temperature at various locations over time. It is observed at the burnout condition, the highest average temperature is occurred at the intersection of HPP wall. Moreover, the reversible dry spots were initiated in the cell part of the HPP, and small dry spots coalesced into a growth of large irreversible dryout that leads to burnout. Further CHF enhancement could be realized if the initiation of the dryout region could be suppressed.
Introduction
One strategy for dealing with serious incidents in a nuclear reactor is the in-vessel retention (IVR) of corium debris. IVR consists of external cooling of the reactor vessel in order to remove decay heat from the molten core through the lower head of the vessel. However, the extent of heat removal is limited by the critical heat flux (CHF) at the outer surface of the vessel. Therefore, in order to enhance the IVR, it is important to devise methods of increasing the CHF. Approaches to increasing the IVR capacity must be both simple and installable at low cost, while associated cooling techniques should be applicable to a large heated surface.
Our group has previously demonstrated enhancement of the CHF of a large heated surface with diameter 30 mm using a porous plate with a honeycomb structure immersed in a saturated pool boiling system based on distilled water [1] [2] [3] and nanofluid [4] [5] [6] . Experimental data confirmed that this method essentially doubled the CHF (to a value of $2.0 MW/m 2 ) relative to that of a plain surface, when using a plate with a diameter of 30 mm [1] . Moreover, the installment of a honeycomb porous plate (HPP) on nanoparticle deposited heated surface with 50 mm in diameter increased the CHF by a factor of 2.2 times (to 2.2 MW/m 2 ) [3] . The CHF obtained from 50 mm in diameter heated surface, in the case of water under saturated conditions at atmospheric pressure, could represent the infinite heated surface. This is due to the dimensionless characteristic length correspond to heated surface size has a value of 20 which means CHF is dependent on the heater size effect [7, 8] . However, the heater size of 30 mm in diameter is considered relatively large and the CHF obtained using this size could not represent the infinite surface as in the application of nuclear reactor vessel. This technique allows the heat removal simply via the HPP attachment on the nanoparticle-deposited porous plate to the heated surface [3] .
Nanofluids are colloidal suspensions of nanoparticles, typically composed of metals, oxides, carbides, or carbon nanotubes, in a base fluid such as water, a refrigerant, or an organic liquid. You et al. [9] were the first to use nanofluids to enhance the CHF from a saturated pool boiling of water. They reported that the CHF was increased dramatically by a factor of approximately three (to 1.68 MW/m 2 ) compared to that for distilled water at 2.89 psia (T sat ¼60 C). This extreme increase in CHF using nanofluids is of particular interest, and a HPP has been combined with a nanofluid so as to obtain a synergistic effect. This combination greatly improves the CHF, giving a value of $3.2 MW/m 2 in conjunction with a copper block heater [4] .
To the best of the author's knowledge, for the case of water as working fluid under saturated conditions at atmospheric pressure, this represents the highest value yet obtained for a heated surface having a relatively large diameter of 30 mm [10] . However, the mechanism by which the CHF is augmented by an HPP together with a nanofluid is not yet fully understood, because variations in the wall temperature distribution with time just below the HPP cannot be observed when using a copper block heater. Therefore, in the present work, changes in the temperature distribution on a heated surface over time up to the point of burnout were assessed using an indium tin oxide (ITO) heater and a high-speed infrared (IR) camera. The resulting data are used to examine the CHF enhancement mechanism obtained from combining an HPP with a nanofluid.
Experimental apparatus and procedure

Experimental apparatus
Schematic diagrams of the pool boiling apparatus are provided in Figures 1 and 2 . Figure 1 shows a conventional pool boiling experimental apparatus incorporating a copper block heater, while Figure 2 shows the experimental setup in which an ITO heater is used in order to measure the temperature distribution of the heated surface with a high-speed IR camera. The main vessel, which is made of Pyrex glass, had an inner diameter of 87 mm and a height of 500 mm. The pool container was filled with distilled water or nanofluid to a height of $60 mm above the heated surface.
Copper block heater
The heater component was a copper cylinder having a diameter of 32 mm and a height of 100 mm, as shown in Figure 1 . A heat flux was supplied to the boiling surface through this cylinder using a cartridge-type electric heater inserted into the cylinder and controlled by an AC voltage regulator. The heat losses from the sides and bottom of the cylinder were reduced by applying ceramic fiber insulation to these regions. The upper, smooth horizontal surface of the cylinder, the diameter of which was 30 mm, was used as the heat transfer surface in the experiments, and was freshly polished with #2000 water-resistant sandpaper prior to each trial. Three type K sheath thermocouples with outer diameters of 0.5 mm were inserted horizontally along the centerline of the copper cylinder (labeled as TC1, TC2, and TC3 in Figure 1 ) and were each separated by 5.0 mm in the axial direction. The uppermost thermocouple was located 10.0 mm below the boiling surface. These thermocouples were calibrated using a platinum resistance thermometer and the temperature distribution from TC1 to TC3 was confirmed to be linear. The wall temperature and the wall heat flux were calculated using Fourier's Law based on data from TC1 and TC2, employing the arithmetic average of the temperature readings from TC1 and TC2 to determine the thermal conductivity of the cylinder. Figure 3 depicts the ITO heater used in the present study. This device was fabricated by vacuum depositing a 250 nm thick ITO film on a sapphire substrate (1 Â 40 Â 40 mm). The heating area of the ITO unit was 20 Â 20 mm. The heater was installed with the ITO film facing upward and, in order to improve wettability, the film was coated with a 100 nm thick layer of TiO 2 because ITO is hydrophobic. Cr (30 nm thick) and Au (200 nm thick) electrodes were deposited sequentially on the sapphire substrate, and were connected to an AC power supply to control the heat flux at the surface. An AC supply was used rather than DC because it was found that an ITO heater installed facing upward, so as to be in contact with the water and heated by a DC power supply, was often damaged as a result of electrochemical reactions. The heating cycle frequency of the AC power supply had to be as high as possible so as not to affect primary bubble generation. Thus, in the present study, the heating frequency was set to 1000 Hz, based on a consideration of the frequency of primary bubble detachment. Taking into account the thermal activity value, S ¼ d ffiffiffiffiffiffiffiffiffiffi ffi qC p k p [7, 11] , a thickness of 1 mm was selected for the sapphire glass (giving S ¼ 9.3) so that the heating conditions would be as close as possible to those associated with copper block heating.
ITO heater
The temperature distribution on the heated ITO surface was obtained using an IR high-speed camera with spatial and time resolutions of 130 lm and 2 ms, respectively. A similar technique has been previously demonstrated by Nakamura [12] . The use of a relatively thin ITO film (250 nm) meant that data acquired from the IR camera when viewing the underside of the film accurately reflected the temperature on the top of the heater surface.
Experimental procedure
Experiments were carried out using either distilled water or nanofluid as the working fluid under saturated conditions at atmospheric pressure. A sheathed heater was installed above the heated surface in the liquid bath in order to maintain the liquid temperature at the saturation temperature. During each trial, the heat flux was increased in increments of $0.1 MW/m 2 until the CHF condition was reached, defined as a rapid increase in the TC1 temperature or the ITO surface temperature to a value in excess of 300 C. All temperature measurements were performed with the apparatus in the steady state, as indicated by an average temperature that did not vary by more than 0.25 K over at least 10 min. When the CHF conditions were achieved, the heating was immediately stopped to prevent damage to the heater or thermocouples. The final heat flux in the quasi-steady state was then measured before the transition to film boiling and was taken as equal to the CHF. All data were acquired only while increasing the heat flux, and the effects of hysteresis were not considered. Figure 4 shows the HPP used in the present study, including a micrograph of its structure on the righthand side of the figure (Figure 4(i) ). This HPP, which is commercially available, is intended for use as a filter for purifying exhaust gases from combustion engines and is composed of CaOAl 2 O 3 (30-50 wt%), fused SiO 2 (40-60 wt%), and TiO 2 (5-20 wt%). The vapor escape channel width (equivalent to the cell width), d V , the wall thickness of the grid, d s ; the aperture ratio (the ratio of the open area to total area), the height, d h ; and the diameter of the HPP were 1.3, 0.4, 0.55, 1.0, and 30.0 mm, respectively. The pore radius distribution of the HPP was determined by mercury penetration porosimetry and was found to peak at $0.17 mm. The average pore radius, the median pore radius, and the porosity of the HPP as determined by porosimetry were 0.037 mm, 0.13 mm, and 24.8%, respectively. The HPP was held against the top of the heater using 0.3 mm diameter stainless steel wire in the case of the copper block heater (Figure 4 (ii)) or with a stainless steel plate and a silicone rubber sheet 
Honeycomb porous plates
Preparation of the nanofluid
Titanium oxide (TiO 2 ) nanoparticles purchased from the Aerosil Corporation (Aeroxide TiO 2 P 25) with a mean particle size of 21 nm were used in the present study. Figure 5 shows the process of water-based TiO 2 nanofluid preparation in this study. TiO 2 nanoparticles were weighted using digital weight scale. In this case 4.0 g is shown to prepare the water-based nanofluid with concentration 0.1 vol.% ( Figure 5(i) ). At the same time, 300 ml distilled water is prepared in a beaker ( Figure 5 (ii)). The weighted 0.4 g of TiO 2 nanoparticle is poured into beaker with 300 ml distilled water ( Figure 5(iii) ). Then, the nanofluid were dispersed using ultrasonic vibration for 2 h ( Figure  5(iv) ). Additives such as surfactants or dispersants were not used to stabilize the nanoparticle suspensions. Figure 5(v) show the nanofluid after 2 h, and later is poured into boiling vessel with 700 ml boiled distilled water to produce 0.1 vol.% concentration TiO 2 water-based nanofluid. The concentrations of the TiO 2 nanoparticles in the nanofluid were 0 vol.% (0 g/L), 0.01 vol.% (0.04 g/L), and 0.1 vol.% (4.0 g/L).
Uncertainty analysis
Individual standard uncertainties were combined to obtain the estimated standard deviation of the results, which was calculated using the law of propagation of uncertainty [13] . The heat flux was determined from data measured by a voltmeter, an ammeter and the area of the heated surface, A. The uncertainties of the heat flux q, and the area of the heated surface A, respectively, were obtained as follows Table 1 shows an example of the relative uncertainties calculated using Eqs. (1) and (2) . As shown in the table, the relative uncertainties were found to become smaller with increasing heat flux and were about 2% at a heat flux of 2.84 MW/m 2 .
Experimental results and discussion
As noted, an HPP and a nanofluid can be combined to enhance the CHF to a significant extent [4] . In order to clarify the CHF enhancement mechanism, temperature measurements were performed over time just below the HPP using the high-speed IR camera. Figure 6 summarizes the relationship between the CHF and the concentration in the nanofluid when using the copper block and ITO heaters, respectively. These data demonstrate that the differences in the CHF were not large between the two heaters, although the ITO heater resulted in a slightly lower CHF. This result is not unexpected because the CHF obtained with the ITO heater was predicted to be 92% of that from the copper block heater based on S values for these units [7, 11] . This figure also shows that, without the HPP, the CHF was increased to a maximum value of 1.7 MW/ m 2 (compared to 1.0 MW/m 2 for distilled water) as the concentration in the nanofluid was increased. In contrast, a prior study found that the CHF was raised to $2 MW/m 2 upon attaching the HPP to the heated surface when using distilled water [1] . The CHF obtained when using the HPP also increased as the concentration of the nanofluid increased. Surprisingly, the CHF reached $3 MW/m 2 at 0.1 vol.% nanofluid. The CHF was therefore enhanced significantly, by a factor of approximately three compared to the value observed when using distilled water on a plain surface [5] . Figure 7 provides plots of the boiling curves and heat transfer coefficients (HTC) obtained with the ITO heater. These data were acquired using distilled water with a plain surface (PS), nanofluid at 0.1 vol.% with a plain surface, the HPP with distilled water, and the HPP with nanofluid at 0.1 vol.%. The arrows in Figure 7 (i) indicate the different CHF conditions. The boiling curves demonstrate that the CHF values were higher when using the nanofluid. This enhancement is attributed to the increased surface wettability, surface roughness, and capillary wicking effect resulting from nanoparticle deposition on the heated surface, as has also been reported in previous studies [6, 9, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The CHF was also higher when using the HPP in both the distilled water and nanofluid. The beneficial effect of the HPP is attributed to the automatic liquid supply to the heated surface due to capillary action and the reduced resistance to vapor escape flow due to the separation of the liquid and vapor flows by the honeycomb porous structure [1, 2] . Moreover, it is interesting to observe that the highest CHF was obtained from the combination of the HPP with the nanofluid. The HTC was also improved by installing the HPP. Based on the IR camera observations, the improved HTC can be ascribed to the promotion of boiling at the bottom of the HPP wall. In the case of the HPP with the nanofluid, the HTC decreased to the point where the superheat is 65 K with the increase in heat flux because of the increased thickness of the nanoparticle layer. The HTC increases again with further increases in heat flux because nanoparticles may be detached from the heated surface by intense boiling. Figure 8 shows IR images together with a boiling curve obtained using the HPP with the nanofluid. Based on the temperature distribution obtained from the IR images, it is clear that the wall temperature of the heated surface was not uniform; the temperature increases with increasing heat flux on going from Figure 8 (i-iii), then decreases from (iv) to (v), as is also evident in Figure 7 . The heated surface wall temperature was highest just below the HPP wall, especially at the intersections of the walls. This is quite different from what we expected, which is that the parts where the HPP and the heated surface were in contact would be cooled significantly. In addition, both high and low temperature regions were evidently present, even under the wall of the HPP. This may be related to the nature of the contact between the HPP and the heat transfer surface. Therefore, it is necessary to consider the effect of the contact conditions between the HPP and the heat transfer surface on the boiling heat transfer. Figure 9 shows IR images acquired with and without a 0.1 mm gap between the HPP and the heated surface, using distilled water, for a heat flux of 0.5 MW/m 2 . The gap just below the HPP was 6 mm in width and 0.1 mm in depth (indicated by the red solid line enclosure in the figure). As expected, the wall temperature was higher when the HPP was not in contact with the heat transfer surface. The wall temperature just below the HPP wall was also higher than the wall temperature just below the cell, because boiling rarely occurred immediately below the HPP. It should be noted that these results were acquired with distilled water, not the nanofluid. Figure 10 provides IR images from trials with the HPP before and after the addition of concentrated nanofluid. In order to obtain a 0.1 vol.% nanofluid concentration, the concentrated nanofluid was added to the boiling distilled water after the image shown in Figure 10 (ii), employing the same heat flux. Based on the discussion regarding Figure 9 above, the part surrounded by the blue solid line in Figure 10 (ii) (acquired with distilled water) had superior contact between the HPP and the heat transfer surface compared to the region indicated by the red solid line in Figure 10 (ii). Comparing Figures 10(ii,iii) , the wall temperature in the region surrounded by the red line decreased following the addition of the nanofluid. Conversely, the wall temperature was increased in the zone characterized by good contact between the HPP and the heated surface (the part surrounded by the blue solid line). It is implying that after the addition of concentrated nanofluid, when water is evaporated during vigorous boiling, the nanoparticles adjacent to the heated surface is left behind and resulted to a nanoparticle deposition filling the poor gap. The poor gap in the first place (red solid line) changed to a superior contact which is finally the average temperature reduced and outperform the blue line region. Hence, it is observed the significant temperature decreased in the red line region. This tendency was unchanged even when the heat flux was increased, as shown in Figure 10 (iv). Figure 11 summarizes changes in the local temperature at various cells (labeled as (i) and indicated by the solid line in the figure), intersections of an HPP wall (labeled as (ii) and indicated by the dashed line), and an HPP wall between intersections (labeled as (iii) and indicated by the one-dotted line) obtained using the HPP with the nanofluid at 2.38 MW/m 2 . The local temperatures were calculated from averaged values in the areas shown in the IR image. The dashed white lines in the IR images indicate the region where the HPP was installed. This figure demonstrates that the average temperature decreased in the order of: the intersections of an HPP wall (dashed line), an HPP wall between intersections (one-dotted line), and the cell (solid line). It is also evident that the wall temperature at the cell changed significantly, while the wall temperature beneath the HPP wall did not. The large temperature increase at the cell is attributed to dryout of the liquid film. This may occur in the higher temperature region at the intersections of an HPP wall as well, even under steady state conditions. However, the absence of a rapid temperature increase at the wall intersections indicates that water was still supplied to the heated surface by the HPP.
Here, we discuss the wall temperature variations associated with burnout of the heated surface. The effect of the HPP on burnout can be determined by considering the IR images acquired without the HPP but with the nanofluid, as shown in Figure 12 . Here, burnout of the ITO heater occurred at a heat flux of 1.58 MW/m 2 , and dryout took place over a relatively large area with repeated expansion and shrinkage. An irreversible dry spot evidently grew gradually during It is known that both surface wettability and capillary wicking are increased on a surface following coating with nanoparticles [4, 16, 18, [25] [26] [27] [28] [29] [30] [31] . Dryout is also retarded due to nanoparticle deposition as a result of the liquid supplied by the detachment of coalesced bubbles. In these data, the wall temperature often decreased prior to a rapid rise, since the thin liquid film had a high heat transfer coefficient. Figure 13 shows the IR image acquired when placing the HPP in a nanofluid under the same heat flux conditions as used to acquire the data in Figure 12 . In this case, no dryout was observed and the temperature distribution did not change with time. Figure 14 (i) summarizes changes in the IR images over time when using the HPP in the saturated pool boiling system together with the nanofluid (at 0.1 vol.%) under burnout conditions (2.84 MW/m 2 ), corresponding to the highest heat flux in all cases. In this scenario, burnout of the ITO heater occurred at 9164.7 ms. The uniform pink region in Figure 14 (i) indicates that the temperature values exceeded the upper range of the IR camera (330 C). Here, the general trend exhibited by the temperature distribution is similar to that in Figure  11 . As the high temperature region that corresponds to the dryout area repeatedly spreads and shrinks, the temperature of the central part of the heater sharply increases. Irreversible dry spots subsequently form and grow gradually, resulting in burnout. In the case of the HPP with the nanofluid, reversible dry spots can first be observed at a heat flux of 2.38 MW/m 2 . Reversible dry spots were initiated in the cell part of the HPP, and small dry spots coalesced into a large irreversible dryout, leading to burnout. Figure 14 (ii) depicts the time variations in the local temperatures at the cell, the intersection of an HPP wall, and an HPP wall between intersections. The local temperatures calculated from 16 or 24 points are shown in the IR images. Frequent temperature increases occurred in the cell, although the wall temperature was reduced because the wall was easily wetted due to the nanoparticle deposition. The observed temperature rise is attributed to the detachment of coalesced bubbles [31] . The burnout always occurred when the wall temperature exceeded the Leidenfrost temperature, at which point the hovering period of coalesced bubbles was increased under the high heat flux and the dried area of the heating surface was not rewetted. For the case of HPP was installed on the heated surface with the nanofluid, at burnout condition, it is learned that the highest average wall temperature occurred at the intersection of an HPP wall. Then, the average wall temperature decreased in the order of: the intersection of an HPP wall, an HPP wall between intersections, and the cell. However, the location where dryout first occurred and at which the wall temperature first reached 300
C was always the cell of the HPP. This result suggests that the CHF may be further improved if the initiation of dryout at the cell can be suppressed.
Conclusions
CHF enhancement resulting from a honeycomb-structured porous plate was investigated experimentally using a saturated pool boiling system in conjunction with a nanofluid. The following conclusions can be made based on the resulting data.
1. The CHF increased as the nanoparticle concentration increased. The CHF was enhanced significantly, up to $3 MW/m 2 , using 0.1 vol.% oxide in the nanofluid. the IR images analysis, the highest average temperature was observed as high as more than 200 C. 3. When the HPP was installed on the heated surface in conjunction with the nanofluid at burnout condition, from the analysis of IR images, it is observed that the highest average wall temperature occurred at the intersection of HPP wall. And the average wall temperature decreased in the order of the intersection of an HPP wall, an HPP wall between intersections, and the cell. However, dryout was initiated in the cell and a wall temperature of 330 C was first obtained in this location when burnout occurred. This result implies that further CHF improvements could be achieved if the initiation of dryout at the cell can be suppressed. flux using porous media and nanofluid. He studied mathematical science at University of Malaya, Malaysia, where he obtained his MSc degree in 2013. He worked on numerical analysis to solve hyperbolic heat conduction equation using Haar wavelet for his master's thesis. His research interests include numerical analysis, thermal analysis, thermal solar, and critical heat flux.
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